Reactive oxygen species (ROSs) are produced during normal cellular metabolism, particularly by respiration in mitochondria, and these ROSs are considered to cause oxidative damage to macromolecules, including DNA. In our previous paper, we found no indication that depletion of mitochondrial superoxide dismutase, SOD2, resulted in an increase in DNA damage. In this paper, we examined SOD1, which is distributed in the cytoplasm, nucleus, and mitochondrial intermembrane space. We generated conditional SOD1 knockout cells from chicken DT40 cells and analyzed their phenotypes. The results revealed that SOD1 was essential for viability and that depletion of SOD1, especially nuclear SOD1, increased sister chromatid exchange (SCE) frequency, suggesting that superoxide is generated in or near the nucleus and that nuclear SOD1 functions as a guardian of the genome. Furthermore, we found that ascorbic acid could offset the defects caused by SOD1 depletion, including cell lethality and increases in SCE frequency and apurinic/apyrimidinic sites.
Introduction
Superoxide is produced during normal cellular metabolism, particularly by respiration in mitochondria, and reactive oxygen species (ROSs) derived from superoxide are considered to cause oxidative damage to macromolecules including DNA [1, 2] . Superoxide dismutases (SODs) convert superoxide into hydrogen peroxide and molecular oxygen [3] . SODs are classified into three species in vertebrate cells: copper-and zinc-dependent SOD or SOD1, manganesedependent SOD or SOD2, and copper-dependent SOD or SOD3 [4] . SOD1 is present in the cytoplasm, the nucleus, and the intermembrane space of mitochondria [5] [6] [7] , SOD2 is present in the mitochondrial matrix [8, 9] , and SOD3 is a secreted protein found in the extracellular matrix of tissues [4, 10] .
The importance of SOD2 in organisms has been clearly shown with Sod2 knockout mice. In one case, Sod2 knockout mice survived only up to three weeks of age and exhibited several novel pathologic phenotypes, including severe anemia, degeneration of neurons, and progressive motor disturbances [11] . Moreover, the Sod2 knockout mice older than seven days exhibited extensive mitochondrial injury within degenerating neurons and cardiac myocytes. In the second case of Sod2 knockout, mice were born alive but died within ten days with severe cardiomyopathy [12] . In our previous study, we investigated the events occurring shortly after the loss of SOD2 in vertebrate cells by generating conditional SOD2 knockout cells using chicken DT40 cells [13] . By monitoring the frequency of sister chromatid exchange (SCE), a very sensitive assay for detecting DNA lesions [14] , we found that depletion of SOD2 had no impact on the integrity of genomic DNA.
In the case of SOD1, high levels of SOD1 have been detected in the central nervous system, liver, and kidney in mammals. In some cases, SOD1 is referred to as cytoplasmic SOD because of its high distribution in the cytoplasm, but it is also detected in cellular organelles including nucleus [5, 6] . Recent studies show that SOD1 may act as a nuclear protein as well. SOD1 interacts with estrogen receptor α(ERα), a ligand-activated transcription factor, and influences the expression of estrogen responsive genes [15] . Moreover, since it is reported that SOD1-deficient mice show increased mutagenesis and cancer risk [16, 17] , it seems likely that SOD1 functions in the nucleus besides the regulation of transcription. However, little attention has been paid to the role of SOD1 in the nucleus, especially as a guardian of the genome.
In this study, we generated conditional SOD1 knockout cells from DT40 cells and examined their phenotypes. Our results indicated that SOD1 is essential for viability in DT40 cells, and that nuclear SOD1 functions as a guardian of the genome by scavenging superoxide generated in or near the nucleus.
Materials and Methods

Plasmid Construction.
DNA containing SOD1 exons I-V was obtained by PCR from DT40 genomic DNA using the Easy-DNA Kit (Invitrogen, Carlsbad, California, USA) and Ex-Taq polymerase (Takara Bio Inc., Otsu, Shiga, Japan). The chicken targeting constructs for SOD1, SOD1-blastcidin r and SOD1-puromycin r , were made by replacing the exons I-III with blastcidin (Bsr) or puromycin (Puro) selection marker cassette. To construct an expression plasmid carrying a human SOD1 cDNA with the tet-off promoter (hSOD1), the human SOD1 cDNA was obtained by reverse transcription-PCR (RT-PCR) from HeLa cells using SuperScript III Reverse Transcriptase (Invitrogen) and inserted into the pUHG 10-3 vector [18] .
To construct a plasmid carrying a localization signal combined with hSOD1, hSOD1 cDNA alone, or hSOD1 cDNA combined with either nuclear localization signal (NLS) derived from SV40 large tumor antigen or nuclear export signal (NES) derived from chicken, HDAC3 [19] was inserted into the EGFP-C1 vector (BD Biosciences, San Jose, California, USA).
Cell
Culture. Cells were cultured in Roswell Park Memorial Institute medium (RPMI)1640 supplemented with 10% fetal bovine serum, 1% chicken serum, and 100 μg/mL kanamycin at 39
• C. Figure 1 (b).
Western Blotting.
Cells that had been cultured in the presence or absence of doxycycline (Dox), a derivative of tetracycline, for 0, 24, 48, 72, and 96 hours were harvested, washed with PBS, precipitated, and suspended in SDS sample buffer (50 mM Tris-HCl (pH 6.8), 10% glycine, 2% SDS, 0.1% bromophenol blue and 0.1 M DTT). Samples prepared from 7.5 × 10 4 cells were fractionated in a linear 4% to 14% gradient SDS-polyacrylamide gel. Proteins were transferred onto a Immun-Blot PVDF Membrane (BioRad) and immunoblotted with primary antibodies (anti-Cu/Zn Superoxide Dismutase (Assay Designs, Inc., Ann Arbor, Michigan, USA)), anti-LaminB1 (Invitrogen), anti-α-tubulin (SigmaAldrich, St. Louis, Missouri, USA), and anti-β-actin (SigmaAldrich), followed by a horseradish peroxidase-conjugated antirabbit or antimouse IgG secondary antibody (New England Biolabs, Ipswich, Massachusetts, USA). Bands were visualized using enhanced chemiluminescence (ECL) (GE Healthcare).
2.6. Cell Cycle Analysis. Cells were prepared using the CycleTEST PLUS DNA Reagent Kit (Becton Dickinson, Franklin Lakes, New Jersey, USA). Subsequent flowcytometric analysis was performed with FACScan (Becton Dickinson). Data were analyzed using CellFIT software (Becton Dickinson).
Superoxide
Assay. Intracellular generation of ROS was detected by BES-So-AM (Wako Pure Chemical Industries Ltd.), a highly specific fluorescent probe for superoxide [20] .
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The agent was dissolved in dimethyl sulfoxide and diluted with culture medium at the time of assay. Cells were treated with 5 μM (final concentration) BES-So-AM for 20 min. After washing twice with PBS, the cells were suspended in PBS, and fluorescent intensity was measured using FACScan (Becton Dickinson).
Measurement of Sister Chromatid Exchange.
To measure the frequency of sister chromatid exchange (SCE), cells (1 ∼ 2 × 10 6 ) were cultured for two cycle periods in medium containing 10 μM BrdU with or without paraquat (SigmaAldrich) and pulsed with 0.1 μg/mL colcemid (Wako Pure Chemical Industries Ltd.) for 2 hours. The cells were harvested and treated with 75 mM KCl for 18 min at room temperature and then fixed with methanol-acetic acid (3 : 1) for 30 min. The cell suspension was then dropped onto icecold wet glass slides and air-dried. The cells on the slides were incubated with 10 μg/mL Hoechst 33258 in phosphate buffer (pH 6.8) for 20 min and rinsed with MacIlvaine solution (164 mM Na 2 HPO 4 , 16 mM citric acid, pH 7.0). The cells were then exposed to black light (λ = 352 nm) at a distance of 1 cm for 20 min, incubated in 2X SSC (0.3 M NaCl, 0.03 M sodium citrate) at 58
• C for 20 min, and then stained with 3% Giemsa solution for 20 min.
Aldehyde Reactive Probe (ARP) Slot Blot
Analysis. AP sites were measured as previously described in [21] by aldehyde reactive probe (ARP, Dojindo Molecular Technology, Gaithersburg, MD, USA) labeling and slot blot (PMID: 9443396).
Results
Generation of Conditional SOD1-Knockout Cells.
To investigate the events occurring shortly after depletion of SOD1, we generated cells in which the expression of the SOD1 gene could be turned off by Dox treatment, using chicken DT40 cells. First, DT40 wild-type cells were transfected with a plasmid expressing a human SOD1 cDNA driven by the tet-off promoter (Figure 1(a) ). Then, SOD1 genes were disrupted as shown in Figure 1(b) . Disruption was confirmed by Southern blotting (Figure 1(c) ) using the probe shown in the Figure 1(b) . Treatment of these cells with Dox suppressed expression of the hSOD1 protein (Figure 1(d)) . The hSOD1 protein level reached a limit of detection at 96 hours after Dox addition as measured by western blotting, even in the case of overexposure (data not shown).
Even in the absence of Dox, the growth rate of SOD1 −/− + hSOD1 cells was slightly lower than that of wild-type cells. Although fibroblasts derived from the SOD1 knockout mouse are reportedly viable [22] , the SOD1 gene knockout DT40 cells developed in this study died after depletion of SOD1. As mentioned above, hSOD1 disappeared within 96 hours after Dox addition, and cells ceased exponential growth on the 5th day and died soon after (Figure 1(e) ).
Analyses of Cell Death in SOD1-Depleted Cells.
We next analyzed the mode of cell death of hSOD1-depleted cells. Flow cytometric analysis showed that hSOD1-depleted cells died gradually without arresting in a specific phase of the cell cycle (Figure 2(a) ). Microscopic observation revealed the appearance of apoptotic bodies (Figure 2(b) ). In agreement with this observation, cleavage of the apoptotic marker lamin B1 was detected from two days after Dox addition (Figure 2(c) ). Interestingly, five days after Dox addition, the proportion of cells in the M phase decreased, with a concomitant increase in the number of cells with "hypercondensed chromatin" (Figure 2(b) ), resembling the hypercondensed chromatin, that appears in colcemid-treated cells arrested for long periods in the M phase [23] .
Depletion of SOD1 Increases Superoxide Levels and Affects
Genome Integrity. To understand the influence of hSOD1 depletion on the level of superoxide in the cell, intracellular levels of superoxide were measured using BES-So-AM, a fluorescent probe used to detect cell-derived superoxide with high selectivity [20] . The intracellular level of superoxide in the hSOD1-depleted cells cultured in the presence of Dox for 108 hours was twofold higher than that in the SOD1 −/− + hSOD1 cells expressing hSOD1 (Figure 3(a) ).
Since SOD1 reportedly exists in the nucleus, we next addressed its possible function in genome integrity. When DNA damage occurs, under normal conditions, the genome is repaired immediately and properly using appropriate DNA repair pathways. When cells are treated with DNA damaging agents such as Mitomycin C or UV irradiation, elevated sister chromatid exchange (SCE) frequencies can be observed at much lower doses of the agents than those to cause lethality because some DNA repair pathways include recombination processes [14, 24, 25] . Therefore, SCE is considered a very sensitive indicator of the existence of DNA lesions. SCE frequencies were measured to detect whether or not SOD1 participates in protecting DNA from attack from superoxide. SCE frequency in hSOD1-depleted cells cultured in the presence of Dox for 120 hours was increased approximately fourfold compared with that in hSOD1-expressing cells (Figure 3(b) ).
Oxidative DNA damage is repaired mainly by a baseexcision repair pathway that generates apurinic/apyrimidinic (AP) sites during its repair process [26] . Therefore, an increase in AP sites indicates an increase in oxidative DNA damage. As shown in Figure 3(c) , the number of AP sites in SOD1-depleted cells was about twofold that in hSOD1-expressing cells. These phenotypes observed in SOD1-depleted cells, elevated SCE frequency and increased AP sites suggest that SOD1 could serve to provide protection for genomic DNA against ROS.
Ascorbic Acid Offsets the Absence of SOD1.
Defense mechanisms against oxidative stress caused by ROS involve both enzymatic and nonenzymatic antioxidants. Ascorbic acid is a representative non-enzymatic antioxidant and its phosphoric ester magnesium salt (APM) is known to exert anti-mutagenic effects by scavenging organic radicals [27, 28] .
The phenomena observed in SOD1-depleted cells seem to be caused directly or indirectly by the increase in superoxide, but do not appear to be due to the depletion of SOD1 protein itself. To test this, SOD1-depleted cells were cultured in the presence of APM (Figure 4(a) ). SOD1-depleted cells proliferated normally in the presence of APM, and no growth defect was observed after culturing cells longer than 10 days (data not shown). It must be noted that the suppression of expression of SOD1 by Dox is not affected by APM addition (Figure 4(a) ; lower panel). The superoxide level in the cells cultured in the presence of Dox, Journal of Nucleic Acids 5 but also with APM for 108 h, was reduced to the level of the cells expressing hSOD1 (Figure 3(a) ). Furthermore, APM completely compensated for depletion of SOD1 with regard to the number of AP sites and SCE frequency (Figures 3(c)  and 4(b) ).
Nuclear Localization of SOD1 Is Important for Its Function
in Reducing DNA Lesions. Mitochondria are the major superoxide-producing organelles in the cell and contain an intrinsic SOD, SOD2. In our previous study, we found that depletion of SOD2 had no impact on SCE frequency. It is possible that superoxide produced in or near the nucleus could cause DNA lesions, and that SOD1 in the nucleus could therefore reduce these lesions. To confirm the above possibility, we generated cells expressing hSOD1 fused with a nuclear localization signal (NLS) or nuclear export signal (NES) and green fluorescent protein (GFP) for visualization. The expression vectors GFP-NLS-hSOD1, GFP-NES-hSOD1, and GFP-hSOD1 were transfected into SOD1 −/− + hSOD1 cells. Their expression and localization were confirmed by GFP, which tagged the N-terminal of hSOD1 ( Figure 5(a) ). The hSOD1 without localization signals was distributed throughout the cell. In contrast, the hSOD1 fused with NLS was found mainly in the nucleus and the hSOD1 fused with NES was found mainly in the cytoplasm. Although, in the presence of Dox, cells expressing NLS-hSOD1 or NES-hSOD1 grew slightly slower than the cells expressing hSOD1, NLS-hSOD1 and NES-hSOD1 did suppress lethality ( Figure 5(b) ).
To test whether DNA damage could be increased by excluding nuclear SOD1, SCE frequency was measured in the cells expressing NES-hSOD1 as well as the cells expressing NLS-hSOD1 or hSOD1 without any localization signal. As mentioned above, the SOD2 −/− + hSOD2 cells did not show any difference in SCE frequency between Doxtreated and untreated cells ( Figure 5(c) ). Cells expressing NES-hSOD1 showed a slight increase in SCE frequency in the presence of Dox while cells expressing NLS-hSOD1 or hSOD1 showed no difference in SCE frequency in the presence or absence of Dox. The limited increase in SCE frequency in the cells expressing NES-hSOD1 compared with that in SOD1-depleted cells may be due to the incomplete exclusion of SOD1 from the nucleus (Figure 5(a) ). The importance of nuclear SOD1 for protecting DNA from lesions was more clearly shown when these cells were treated with a superoxide-generating agent, paraquat. As shown in Figure 5(d) , the cells expressing NES-hSOD1 showed a prominent increase in SCE frequency in the presence of Dox, but the cells expressing NLS-hSOD1 or hSOD1 did not.
Discussion
In this study, we analyzed the phenotypes of conditional SOD1 knockout cells after depletion of SOD1 in order to understand the cellular functions of SOD1. We found that SOD1 was essential for viability and that nuclear SOD1 protected the genome. In addition, we found that ascorbic acid recovered cell viability and suppressed increases in SCE frequency and AP sites, two phenotypes observed in SOD1-depleted cells.
The lethality of the SOD1-depleted cells seems to conflict with the previous observation that an SOD1 knockout mouse is viable, albeit with a shortened life span [29, 30] . This conflict could be explained as follows. The detrimental effects seen in the SOD1 knockout mouse caused by SOD1 depletion could have been opposed by the effects of other antioxidants, including ascorbic acid, which the mouse produces in the liver [31] in sufficient quantities for the retention of viability. In addition, the concentration of oxygen in the tissues or cells in vivo is much lower than that in the cell cultures. In fact, lowering the oxygen concentration in the cell cultures partially retarded the lethality in SOD1-depleted DT40 cells (data not shown).
The main source of superoxide production is the mitochondria. During energy transduction, a small number of electrons "leak" to oxygen prematurely, forming the oxygen free radical superoxide, which has been implicated in the pathophysiology of a variety of diseases [32] . In spite of these implications, superoxide is not highly reactive [33] , and it is membrane impermeable, so it is highly compartmentalized within the cell, that is, there is no flux between the pools of matrix and cytoplasmic superoxide [34, 35] . However, more reactive secondary ROS, such as hydrogen peroxide and hydroxyl radicals, are derived from superoxide, and these are able to penetrate biological membranes [33, 35] . The hydroxyl radical is known to react with all components of the DNA molecule, damaging both the purine and pyrimidine bases, and also the deoxyribose backbone [36] . It therefore seems reasonable that nuclear DNA is damaged more by ROS derived from unscavenged superoxide than by superoxide itself. However, the fact that SOD2-depleted DT40 cells showed no increase in the frequency of SCE indicates that ROS derived from unscavenged, mitochondria-generated superoxide seem to have little impact on the integrity of genomic DNA.
Superoxide is also generated by several enzymes, such as NADPH oxidase, xanthine oxidase, flavoenzymes, and cytochrome P-450, in addition to enzymes of the mitochondrial respiratory chain [35, 37] . The relatively ubiquitous distribution of SOD1 in the cell seems to indicate that SOD1 scavenges superoxide at the site where it is generated. In this context, it is interesting that the cells expressing NES-hSOD1 showed a relatively high frequency of SCE. This suggests that nuclear SOD1 could function to mitigate DNA lesions caused directly or indirectly by superoxide generated in or near the nucleus. At present, it is not clear how superoxide is generated there, but NADPH oxidase is one candidate. NADPH oxidase produces superoxide in phagocytes, and a significant proportion of the NADPH oxidase subunits in unstimulated cells is present as a fully preassembled and functional ROS-generating complex associated with the intracellular cytoskeleton, particularly in a perinuclear distribution [35] . Furthermore, the highest level of NADPH oxidase complex-dependent superoxide generation has been detected in the nuclei-enriched fraction among several subcellular fractions differentiated by centrifugation [37] . Scanning densitometric analysis of slot blots of endogenous AP sites was performed as described previously in [21] . Some cells were treated with Dox and/or APM for 112 hours. Bars indicate standard errors. SOD1 is a very abundant protein in the cell and may play roles other than the dismutation of superoxide. For example, SOD1 interacts with ERα, a ligand-activated transcription factor, and influences the expression of estrogen responsive genes [15] . Therefore, it is conceivable that some of the observed phenotypes of SOD1-depleted cells are caused by depletion of SOD1 protein itself and not by a defect in superoxide dismutase activity. However, this possibility is unlikely, since ascorbic acid suppressed all of the phenotypes of SOD1-depleted cells, including cell lethality.
Although depletion of SOD1 causes DNA lesions, as indicated by increases in SCE frequency and AP sites, the major cause for lethality in SOD1-depleted cells is not the increase in DNA lesions, since the increases in SCE frequency and AP sites are moderate and since NES-SOD1 suppresses lethality. The appearance of "hyper condensed chromatin" suggests hindrance of microtubules formation. Noteworthy, the level of superoxide and SCE frequency increased in SOD1 depleted cell around 108-120 h after addition of Dox (Figures 3(a) and 4(b) ). In contrast, apoptotic cells appeared at 96 hours after addition of Dox. We speculate that superoxide level begins to increase earlier than 96 hours after addition of Dox although it is too little to be detected. Since ascorbic acid suppressed the phenotypes observed at 96 hours after addition of Dox, an increase in superoxide even at a low level may influence something more sensitive cellular components other than nuclear genome. Preliminary experiments indicated disordered microtubules construction in SOD1-depleted cells (data not shown). The next direction for our study will therefore to address the major cause for the lethality seen in SOD1-depleted cells.
Conclusions
SOD1 is essential for cell viability, and depletion of SOD1 causes elevated SCE and increased AP sites. Ascorbic acid suppresses the increase in SCE frequency and AP sites in SOD1-depleted cells. Since elevated spontaneous and paraquat-induced SCE is suppressed by nuclear but not cytoplasmic SOD1, this study represents the first evidence that nuclear SOD1 has a role in guarding the genome against oxidative stress. Taken together, these results clearly demonstrate the importance of the nuclear distribution of SOD1 and ascorbic acid in the maintenance of genome stability.
